The rotational spectrum of the formaldehyde isotopologue H 2 C 17 O was investigated between 0.56 and 1.50 THz using a sample of natural isotopic composition. In addition, transition frequencies were determined for H 2 C 18 O and H 2 C 16 O between 1.37 and 1.50 THz. The data were combined with critically evaluated literature data to derive improved sets of spectroscopic parameters which include 17 O or H nuclear hyperfine structure parameters.
Introduction
As a simple four-atomic molecule, formaldehyde, H 2 CO, also known as methanal, is of great fundamental interest. Its rotational spectrum is of great importance for radio astronomy. It was only the seventh molecule to be detected in the interstellar medium in 1969 [1] , the fourth one that was detected by means of radio astronomy and only the third poly-atomic molecule; see, for example, the Interstellar & Circumstellar Molecules page 1 of The Astrochymist 2 . In the detection letter, the molecule was observed in absorption toward strong continuum sources, most of them dense and warm molecular clouds, so-called hot-cores. Formaldehyde was also detected in cold dark clouds, which are also dense, with the 1 H hyperfine structure (HFS) splitting partially resolved [2] , and in less dense translucent [3] and even less dense diffuse clouds [4] . It was also detected in the circumstellar envelopes of late-type stars, such as the C-rich protoplanetary nebula around V353 Aur [5] , also known as AFGL 618, CRL 618, or the Westbrook Nebula, the O-rich protoplanetary nebula around QX Pup [6] , also known as OH231.8+4.2 or the Rotten Egg Nebula, or the Crich asymptotic giant branch star CW Leo [7] , also known as IRC+10216 or the Peanut Nebula. The H 2 CO molecule was the second molecule after OH to be detected in galaxies different from our Milky Way, here the two near-by galaxies NGC 253 and NGC 4945 [8] ; it was also detected in more distant galaxies [9] . Formaldehyde is also one of the few molecules for which maser activity was not only detected in galactic sources [10] , but also in extragalactic sources [11] .
Numerous minor isotopic species were also detected in space, among them H 13 2 CO [12] , H 2 C 18 O [13] , HDCO [14] , and D 2 CO [15] as the first multiply deuterated molecule in space. Unlabeled atoms refer to 1 H, 12 C, and 16 O. The detection of D 2 CO was made in the Orion KL region, a site of high-mass star formation, where deuterium in formaldehyde was enriched by several orders of magnitudes with respect to the interstellar D/H ratio of ∼ 1.5 × 10 −5 . Even higher degrees of deuteration were found in the molecular clouds surrounding low-mass proto-stars, such as IRAS 16293-2422 [16] . In fact, deuteration has become a means to investigate the evolutionary stage of low-mass proto-stars. The H 2 CO main species may be used to probe the density in denser regions of the interstellar medium [17] and to determine the kinetic temperature [18] [19, 20] , which in turn may be used to determine 12 C/ 13 C and/or 16 O/ 18 O ratios.
Formaldehyde was also seen in Earth's stratosphere employing microwave limb-sounding with the Odin satellite [21] ; it is more commonly studied in the troposphere using infrared or UV/visible spectroscopy among other techniques [21] . The molecule was also detected in the comae of several comets, the first one being comet Halley, where it was identified tentatively by infrared spectroscopy [22, 23] , later unambiguously using microwave spectroscopy [24] .
Formaldehyde was among the first molecules whose rotational spectrum and dipole moment were studied by means of microwave spectroscopy [25] . A plethora of further studies on the rotational spectrum of H 2 CO, its isotopologues, not only in the ground, but also excited vibrational states were published over the years. The rotational spectra of H 2 CO and its isotopologues began to be explored in the terahertz region in the second half of the 1990s, starting with the main isotopologue [26] . Investigations of HDCO and D 2 CO [27] [31] . Excited vibrational states of H 2 CO were also investigated up to terahertz frequencies [32] . The spectroscopic parameters were improved by ground state combination differences (GSCDs) for H 2 CO [33] and by far-infrared spectra for D 2 CO [34] and D 13 2 CO [35] . In addition, the rotational spectra of formaldehyde in the ground and excited vibrational states were used to characterize a spectrometer system based on difference frequency generation [36] .
The most abundant formaldehyde isotopic species, for which terahertz data are lacking, is H 2 C 17 O. Assuming that H 13 2 C 18 O is too rare to be detected at submillimeter wavelengths, H 2 C 17 O is the only one for which terahertz data are needed. Flygare and Lowe studied five a-type Q-branch transitions below 14 GHz which had K a = 1 and 2 and resolved the 17 O HFS splitting almost completely [37] . Davies et al. extended the measurements up to 150 GHz with HFS resolved to a varying degree [38] . These data were superseded by more extensive and more accurate measurements by Cornet et al. which extended up to 294 GHz and which were reported only shortly thereafter [39] .
In order to improve the predictions of the rotational spectrum of H 2 We combined our new data with previously reported data for which the initially reported uncertainties were critically evaluated. This led to improved spectroscopic parameters which include 17 O or H nuclear hyperfine structure parameters.
Experimental details
The rotational spectrum of H 2 C 17 O was recorded in selected regions between 568 and 658 GHz and between 848 and 927 GHz with the Cologne Terahertz Spectrometer (CTS) that is described in detail elsewhere [41] . Two phase-locked backward wave oscillators (OB 80, OB 82) were used as sources and a magnetically tuned, liquid-He-cooled InSb hot electron bolometer (QMC Instruments Ltd.) was used as detector. The measurements were carried out in a 4 m long glass cell at room temperature at pressures around 1 to 2 Pa. The cell was equipped with windows made from high density polyethylene (HDPE). Our study on H 2 CO [30] Formaldehyde was generated by heating a small sample of commercial paraformaldehyde briefly with a heat-gun. Frequency modulation was used throughout with demodulation at 2 f , which causes an isolated line to appear approximately as a second derivative of a Gaussian.
Spectroscopic analysis
16 O is an asymmetric top molecule close to the prolate limit (κ = −0.9610 with a dipole moment of 2.3317 D [43] along the a inertial axis, which is also the C 2 symmetry axis. The asymmetry and the dipole moment change only slightly with isotopologue. The two equivalent H nuclei lead to spinstatistical weight factors of 1 and 3 for rotational states with K a even (para) and odd (ortho), respectively. At high resolution, HFS splitting may be resolved for ortho transitions. This is usually only achieved at radio frequencies (RF) or in the microwave (MW) region. The splitting was also resolved in astronomical observations of colder environments, but only for K a = 1 and low values of J.
Even though formaldehyde's proximity to the prolate limit would make Watson's S reduction the natural choice for fitting of its rotationally resolved spectra to some spectroscopists, use of the A reduction is not so far-fetched. In fact, it was the A reduction that was most commonly applied until fairly recently [26, 27] . There was only one detailed consideration of the S reduction in earlier reports [44] , but the results present for the main isotopologue were actually slightly worse in the S reduction. The advantage of the S reduction has only lately become increasingly apparent in most of the diagonal distortion parameters which are smaller in magnitude for the sextic distortion parameters in the S reduction compared to the A reduction, and the differences are more pronounced in the octic distortion parameters [28, 30, 33] . The situation is less clear for the offdiagonal distortion parameters, d 1 , d 2 , etc. in the S reduction, δ K , δ J , etc. in the A reduction. But it is the large number of offdiagonal distortion parameters needed to fit the formaldehyde spectra and their relatively large magnitudes which cause the pronounced differences between the two reductions.
Prediction and fitting of the rotational spectra were made with Pickett's SPCAT and SPFIT programs [45] . Our new data were fit together with previously reported line frequencies, and we consulted the original references to check for the reported uncertainties. In almost all instances, we used the initially reported uncertainties, which is different from some studies where uncertainties had been increased considerably, usually without justification. In very few cases of transition frequencies with larger residuals, the uncertainties were increased slightly or the transition frequencies were omitted from the line lists. Transitions with HFS splitting were used as such. In order to keep the line list short, each isotopic species was defined twice in its parameter file, with and without HFS. Overlapping HFS or asymmetry components were treated in the fit as intensityweighted averages, in contrast to most other fitting programs which treat each overlapping components as one piece of information with exactly the assigned frequency, which may increase the rms error unless uncertainties were increased beyond the usual extent.
Some higher order parameters were evaluated from other isotopic species, usually H 2 C 16 O, by scaling the parameters with appropriate powers of B + C and B − C; A − (B + C)/2 was very similar among the three species and was not considered for scaling. Even if such scaling is not the best choice for all parameters, it is often a good approximation. Such scaling was used, for example, for 13 C and 15 N isotopic species of methyl cyanide [46] .
There are different sign conventions concerning the nuclear spin-rotation parameters and the nuclear spin-nuclear spin coupling parameters. The sign conventions in SPFIT are such that in the first case the magnetic moment of H is positive. This convention is common nowadays in rotational spectroscopy, e.g., [43] , but is opposite to nuclear magnetic resonance and to earlier rotational studies, e.g., [37, 39] . The sign convention in the second case is that the nuclear spin-nuclear spin coupling parameters of homo-diatomics are negative; there appears to be no clear preference for this or for the opposite sign convention.
The 17 O isotope is the rarest of the stable oxygen isotopes with a terrestrial abundance of 0.00038 [47] . The isotope possesses a nuclear spin of 5/2 which gives rise to HFS splitting caused by the nuclear electric quadrupole and the nuclear magnetic dipole moments.
Initial predictions of the rotational spectrum of H 2 C 17 O were generated from the data reported by Flygare and Lowe [37] and Cornet et al. [39] . Both studies resolved 17 O HFS splitting to a different degree depending on the quantum numbers and the frequency region; no HFS splitting caused by the H nuclei was reported. Initial spectroscopic parameters were taken from the latter study which were converted to the S reduction subsequently. Additional higher order parameters were derived from H 2 C 16 O [30] . The initially reported uncertainties were used for essentially all transition frequencies and essentially all reported HFS information was used. Some modifications were made to the list of transition frequencies from Ref. [37] . There was a typographical error in the 1 10 − 1 11 center frequency; an increase by 0.5 MHz is agrees almost within uncertainty with the frequency calculated from the final set of spectroscopic parameters and was used in the final line list. The remaining data were reproduced slightly outside the uncertainties on average. Therefore, uncertainties of the more poorly fitting data, 2 11 − 2 12 center frequency and of two HFS splittings of the 6 24 −6 25 transition were doubled. In addition, one HFS splitting of the 2 11 − 2 12 transition, involving a weak HFS component, was omitted. These modifications affected obviously the partial rms error of this data set and, to a lesser extent, the rms error of the entire fit; the parameter values and their uncertainties were only slightly affected.
Despite the low 17 O isotopic abundance, the strengths of the formaldehyde absorption lines were sufficient to obtain reasonable signal-to-noise ratios for H 2 C 17 O lines in the present study, see Fig. 1 . The detected transitions involve ∆K a = 0 R-branch transitions with 7 ≤ J ≤ 22 and K a up to 7. None of the observed transitions displayed HFS splitting, as may be expected. The spectroscopic parameters determined in the final fit are almost complete up to sixth order, only H K and H J were kept fixed to the estimated values. In addition, two independent quadrupole parameters, χ aa and χ bb , were determined along with three nuclear spin-rotation parameters. C cc was retained in the fit because its uncertainty is commensurate with those of C aa and C bb . The value and the uncertainty of χ cc were derived from the tracelessness of the quadrupole tensor. An edited version of the fit file is available as supplementary material. The final spectroscopic parameters of H 2 C 17 O are given in Table 1 [37] , from Cornet et al. [39] , and from the present investigation, respectively.
H 2 C
18 O
The 18 O isotope has a terrestrial abundance of 0.0020, more than five times that of 17 O [47] . The abundance difference translates into a gain of signal-to-noise or a shorter integration time by a factor of ∼30 or an appropriate combination, see Fig. 1 . Initial predictions of its rotational transitions were taken from the Cologne Database for Molecular Spectroscopy, CDMS [48, 49] ; these data are based on our previous study of H 2 C 18 O [29] . The transitions recorded in the present study cover ∆K a = 0 R-branch transitions with 19 ≤ J ≤ 22 and K a up to 11.
Among the previously published data, resolved HFS splitting was reported for two ∆K a = 0 Q-branch transition with K a = 1 and J = 1 [50] and 2 [51] , respectively. This HFS information was used in the present investigation especially to facilitate astronomical observations. Initial sets of 1 H HFS parameters were derived from the main isotopic species, see Sect. 3.3. Neglecting vibrational effects, the spin-spin coupling parameters are expected to be equal, and the spin-rotation parameters C gg scale with the respective rotational parameters B g . A satisfactory fit was obtained with just the spin-spin coupling parameter S (HH) and C − = (C bb − C cc )/4) released. These are the parameters on which the HFS splitting of these transitions depends to first order. No combination of three or even four 1 H HFS parameters yielded a significantly better fit. Moreover, the changes from the initial parameters were deemed to be too large for some of the parameters if more than two parameters were released in the fits. In case of the J = 1 transition frequencies, the F = 0 − 1 and F = 2 − 2 HFS components differ by ∼0.8 kHz, and the transition frequency published for the latter component corresponded much better to the intensity-weighted average of the two components. Therefore, we assigned the frequency to the intensity-weighted average in the final fit. In case of the J = 2 transitions, the F = 2 − 2 and F = 2 − 3 HFS components are close in frequency, and the frequency assigned to the stronger F = 2 − 2 component differed considerably from the calculated position for this component as well as for the intensity-weighted average of the two components. Therefore, this transition frequency was omitted from the final fit.
All further rotational data were used as in our previous analysis [29] . These involve a large body of MW and mmW data from Cornet and Winnewisser [52] along with three RF transition [53] and one mmW transition [54] . The set of spectroscopic parameters determined for H 2 C 18 O is almost the same as for H 2 C 17 O, except that H J was released in the fit of the former. An edited version of the fit file is available as supplementary material. The final spectroscopic parameters of H 2 C 18 O are also given in Table 1 . The rms error of the entire fit is 0.735, indicative of conservative uncertainties in some data sets. The partial rms error of the HFS containing data [50, 51] in the fit is 1.065, that from Refs. [52, 53] are 0.825 and 0.567, respectively. Finally, the rms errors of our previous [29] and present studies are 0.556 and 0.903, respectively.
Initial predictions of the rotational transitions of the main isotopic species were also taken from the CDMS [48, 49] ; these data are based on our previous study of H 2 C 16 O [30] . In the present investigation, frequencies were determined for ∆K a = 0 R-branch transitions with 18 ≤ J ≤ 21 and K a up to 15, for four ∆K a = 2 transitions, and for one ∆K a = 0 Q-branch transition with J = 26 and K a = 1.
In order to determine the best possible set of HFS parameters, in particular for astronomical observations, we evaluated the information in the available original reports because effects of HFS were usually omitted in previous studies [26, 30, 52, 54] . In the course of this process, we noticed that uncertainties of previous data were increased in Ref. [26] to usually 1 kHz in cases in which the originally reported uncertainties were smaller than this value. The most likely explanation would be the difficulty to reproduce the data to within the reported uncertainties. This, in turn, may be explained by the reluctance to use a sufficiently large set of off-diagonal distortion parameters or by the adherence to the A reduction. In addition, uncertainties appeared to have been increased for transitions with unresolved asymmetry splitting for which the calculated asymmetry splitting was much larger than the uncertainties.
As in the case of H 2 C 18 O, resolved HFS splitting was reported for two ∆K a = 0 Q-branch transition with K a = 1 and J = 1 [50] and 2 [51] , respectively; the J = 2, F = 2 − 2 transition frequency omitted for H 2 C 18 O was also omitted for H 2 C 16 O. Further HFS information originated from an RF investigation of H 2 C 16 O [55] . Hyperfine free transition frequencies were taken from Ref. [26] with additional original data [52, 54, 55, 56, 57, 58, 59] . Further data come from our previous study [30] , from a study of a spectrometer system employing difference frequency generation [36] , and from GSCDs generated from IR spectra in the 3.5 µm region [60] which were used in a previous ground states study [33] .
In almost all instances, we use here the originally reported uncertainties; only in very few cases uncertainties were increased slightly if residuals were larger than the reported uncer- tainties and if the partial rms error of a given data set was substantially larger than 1.0. If residuals were much larger than the reported uncertainties, the corresponding transition frequencies were omitted from the final fit. Besides the HFS component mentioned before, this applies to three K a = 2 RF transitions [43] . Multiple data with MW accuracy were retained in the line list if the uncertainties were similar in magnitude. The omitted transitions involve mostly far-infrared laser-sideband data with uncertainties around 1 MHz [26] . The set of rotational and centrifugal distortion parameters is essentially identical to that of our previous study [30] ; the only difference is the inclusion of an estimate of p 5 as only parameter that was kept fixed in the fit. This parameter was derived from our study on H 13 2 CO [28] . In addition, the nuclear spin-nuclear spin coupling parameter S (HH) and two sets (in two different fits) of three nuclear spin-rotation parameters were determined. An edited version of one fit file is available as supplementary material. The final spectroscopic parameters of H 2 C 16 O are also given in Table 1 . The rms error of the entire fit is 0.904, this value is dominated by the GSCDs, for which the partial rms error is 0.947. Numerous other subsets of the data have rms errors around 0.7, the remaining RF data from Tucker et al. [50, 51] are at the upper end (1.006), among the larger subsets, rather low values were obtained for the Kiel lines (0.333) [26] and the Cologne lines (0.506) from the same study [26] . The rms error of our new lines is 0.726.
Discussion and conclusion
The rotational and centrifugal distortion parameters of H 2 C 17 O, which have been determined through fitting, compare favorably with those of H 2 C 18 O and H 2 C 16 O, their values are essentially in all instances between those of the heavier and the lighter isotopologue, see Table 1 . The value of h 1 appears to be an exception, but its uncertainty is large, and an increase by two to three times the uncertainty would bring it to the expected value. The H 2 C 18 O value of H J is larger than the H 2 C 16 O value, but the uncertainty of the former is quite large. Also, the decrease of H K J from H 2 C 16 O over H 2 C 17 O to H 2 C 18 O is more pronounced than would be expected from the scaling mentioned above, but the change in the remaining parameters is rather close to what would be expected from such scaling.
The improvement in the distortion parameters of H 2 C 17 O are quite obvious as the R-branch transitions were extended from J = 4 − 3 near 300 GHz to J = 22 − 21 near 1500 GHz. In addition, K a extends now to 7, up from previously 4. The improvement is also pronounced for H 2 C
18 O as most of the previous data was limited to below 835 GHz with two additional transitions near 1.87 THz. The situation is more complex for H 2 C 16 O. The uncertainties of some parameters changed only slightly, decreased by factors of around 1.5 to 2 for several others, and even by factors of ∼4 for d 1 and L KK J .
The present 17 O HFS parameters are slightly better determined than those from the initial investigation [37] as can be expected because of additional data from a later study [39] ; uncertainties in the later study are surprisingly worse in part than those in the earlier study. The spin-spin coupling parameters S (HH) may appear quite different among the two isotopic species H 2 C 18 O and H 2 C 16 O, but the differences are less than two times the combined uncertainties. Because of the uncertainties, one should take with a grain of salt that the value calculated from the ground state HH distance, derived from A 0 , is −17.907 kHz and thus closer to the value of H 2 C 18 O. Inclusion of higher K a HFS splitting information in the fit improved the uncertainty of C aa by almost a factor of 3 and those of C bb and C cc by factors of ∼4.
Predictions of the rotational spectra of the three formaldehyde isotopologues will be available in the catalog section 3 of the CDMS [48, 49] . Edited fit files are deposited as supplementary material. In addition, line, parameter, and fit files, along with other auxiliary files, will be available in the spectroscopy data section 4 of the CDMS.
